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ABSTRACT
A number of black hole X-ray transients show quasi-periodic oscillations (QPOs) in the op-
tical (ultraviolet) and X-ray bands at the same frequency, which challenge models for pro-
duction of radiation at these wavelengths. We propose a model where the optical radiation is
modulated by the oscillating X-ray flux resulting in varying irradiation of the outer parts of
the accretion disc. The proposed QPO mechanism inevitably takes place in the systems with
sufficiently small ratio of the outer disc radius to the QPO period. We show that, unlike in
the case of the aperiodic variability, it is not possible to obtain the optical QPO profiles from
those observed in the X-rays through the transfer function, because of different X-ray signals
seen by the disc and by the observer. We demonstrate that with the increasing QPO frequency,
occurring at the rising phase of the X-ray outburst, the rms should be constant for sufficiently
low frequencies, then to increase reaching the peak and finally to drop substantially when the
QPO period becomes comparable to the light-crossing time to the outer disc. We predict that
the QPO rms in this model should increase towards shorter wavelengths and this fact can be
used to distinguish it from other QPO mechanisms.
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1 INTRODUCTION
The significant influence of the X-ray source on the structure and
spectral properties of the standard accretion disc was noticed al-
ready in the pioneering study by Shakura & Sunyaev (1973) of the
optically thick geometrically thin α-discs. The temperature dis-
tribution in such irradiated discs around black holes (BHs) was
calculated in a number of works (see e.g. Cunningham 1976;
Frank, King, & Raine 2002). Though the precise dependence of the
effective temperature on radius depends on the model, the gen-
eral expectation is that X-ray irradiation dominates over internal
viscous dissipation in the outer part of the accretion disc, which
consequently dominates the emission in the optical/infrared (OIR)
wavelengths.
The prediction was then confirmed by the OIR luminosity
and the specific shape of the OIR spectra in a number of BH bi-
naries (van Paradijs & McClintock 1994; Gierlin´ski, Done, & Page
2009; Zurita Heras et al. 2011; Curran, Chaty, & Zurita Heras
2012; Poutanen, Veledina, & Revnivtsev 2014). The signature of
reprocessed X-ray emission are also seen in optical/X-ray cross-
correlation function (CCF, Hynes et al. 1998, 2009), displaying
a single, a few second broad peak at positive optical lags,
as well as in the transfer function determined directly from
⋆ E-mail: juri.poutanen@utu.fi
the light curves (O’Brien et al. 2002). Additional support comes
from the detection of optical flares following X-ray bursts (e.g.
Grindlay et al. 1978; McClintock et al. 1979; Hynes et al. 2006a).
On the other hand, sometimes the complex shape of the CCFs dis-
playing the so-called precognition dip cannot be explained solely
by the irradiation of the disc (Motch et al. 1983; Kanbach et al.
2001; Durant et al. 2008; Hynes et al. 2009; Gandhi et al. 2010),
an additional contribution of another source, likely of syn-
chrotron origin, is required (Malzac, Merloni, & Fabian 2004;
Veledina, Poutanen, & Vurm 2011; Poutanen & Veledina 2014).
Simultaneous presence of at least two optical components is
also required by the shape of the power spectral density (or, equiv-
alently, the auto-correlation function): while the optical photons
are thought to originate from a somewhat larger region compared
to the X-rays, the power spectrum does not have the characteris-
tic suppression of the high-frequency noise, instead, an additional
Lorentzian peaking at higher frequencies (with respect to the X-
rays) is required (Kanbach et al. 2001; Gandhi et al. 2010). That
Lorentzian might be a manifestation of the interplay of different op-
tical components, one related to the synchrotron radiation from the
hybrid hot flow and another to the irradiated disc (Veledina et al.
2011).
Apart from the broad-band noise, the quasi-periodic oscil-
lations (QPOs) were detected in the optical (Motch et al. 1983;
Durant et al. 2009; Gandhi et al. 2010) and UV (Hynes et al. 2003)
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Figure 1. Schematic representation of the hot flow producing X-ray and optical QPOs. Left: coordinate systems connected with the orbital plane xyz and
with the BH spin x′y′z′ are shown. The plane xy coincides with the orbital plane and y is parallel to y′. Axis z′ is aligned with the BH spin, which is inclined
by the angle β to the orbital spin. The position of the observer o is described by the azimuthal angle Φ and binary inclination i. The position of the normal to
the hot flow n is characterized by the precession angle/phase ω. It makes an angle θ with the direction to the observer, which depends on ω. Right: schematic
representation of the reprocessing geometry. The surface element is at radius r and height h from the central X-ray source, its normal makes angle ζ with the
orbital spin and angle η with the line of sight.
wavelengths at frequencies 0.05–0.13 Hz. The X-ray power-density
spectra demonstrate similar features known as the type-C low-
frequency QPOs (see Casella et al. 2005, for classification). The
two months of observations revealed that the optical, UV and the X-
ray QPOs in BH binary XTE J1118+480 share a common (within
uncertainties) characteristic frequency whilst evolving with time
(Hynes et al. 2003). This suggests that the QPOs in these three
energy bands are parts of the same process. One or several com-
ponents responsible for the optical emission – the hot accretion
flow (Veledina, Poutanen, & Vurm 2013a), the jet (e.g. Hynes et al.
2006b) and the irradiated disc (Gierlin´ski et al. 2009) – are all natu-
ral candidates for the QPO origin. Because the principal oscillation
mechanisms and the geometrical properties are substantially differ-
ent, these three models should be distinguishable by the observa-
tional characteristics. The hot flow QPO model was considered in
Veledina, Poutanen, & Ingram (2013b). In this work, we develop a
quantitative model for the low-frequency QPOs arising from repro-
cessing.
One of the most promising mechanisms to produce X-ray
QPOs is based on the misalignment of the accretion flow and
the BH spin. The QPOs there arise due to the Lense–Thirring
(solid-body) precession of the whole inner hot flow (Fragile et al.
2007; Ingram, Done, & Fragile 2009; Ingram & Done 2011). Re-
calling that the cold accretion discs are likely to be flared (e.g.
Shakura & Sunyaev 1973; Frank et al. 2002), any temporal varia-
tions of the X-ray flux should be reflected in the reprocessed radia-
tion. In this paper we introduce a model for the optical QPOs pro-
duced by reprocessing of the X-ray modulated flux. We present de-
tailed calculations of the QPO profiles and amplitudes. Even with-
out any calculations we can predict that the optical QPOs have to
be visible if the light-crossing time of the accretion disc is shorter
than the QPO period. If this condition breaks down, QPOs still
might be visible at short wavelengths because emission there is
produced closer to the irradiating source. We discuss then how the
optical QPOs arising from the reprocessing can be distinguished
from those produced by other QPO mechanisms (i.e., produced by
the hot accretion flow or by the jet).
2 GEOMETRY AND FORMALISM
2.1 X-ray QPOs
We consider a simple scenario of a flat precessing disc radiating
in the X-ray band. We associate this geometry with the hot accre-
tion flow around a Kerr BH, which undergoes solid-body Lense–
Thirring precession because of the misalignment of the BH and or-
bital spins (Fragile et al. 2007; Ingram et al. 2009; Ingram & Done
2011). The general geometry is shown in Fig. 1 (left). We define
two coordinate systems: xyz associated with the binary orbital
plane and x′y′z′ tied to the BH spin with the z-axes being aligned
with the orbital spin and the BH spin, respectively. The angle be-
tween them is denoted by β. We further choose axis y = y′. The
precession occurs around the BH spin axis with the precession an-
gle ω measured from x′-axis, so that the instantaneous hot flow
normal nˆ1 is aligned with the orbital spin axis at ω = pi and has a
maximal misalignment of 2β when ω = 0. The observer position
is described by oˆ = (sin i cos Φ, sin i sinΦ, cos i) in xyz coordi-
nates, where i is the binary inclination and Φ is the azimuth of the
observer measured from the x-axis. The hot flow normal is given
by nˆ = (sin β cosω, sin β sinω, cos β) in x′y′z′ coordinates. It
translates to
nˆ =
(
sin β cos β(1 + cosω), sin β sinω, 1− sin2 β(1 + cosω)
) (1)
in xyz coordinates.
The X-ray QPOs arise from the different orientation of the
hot flow relative to the observer, described by the scalar product
oˆ · nˆ = cos θ. It is easy to show that
cos θ = sin β cos β sin i cosΦ (1 + cosω) (2)
+ sin β sinω sin i sinΦ + cos i [1− (1 + cosω) sin2 β].
The flux observed from one ring of the flat disc with radius r, thick-
ness r
.
and a surface normal which makes an angle θ to the line of
sight far from the BH can be expressed as
1 We use a hat to denote unit vectors throughout.
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dFE(r, θ) =
r dr
D2
qE(r)fE(r, θ). (3)
Here, D is the distance to the observer, qE(r) is the surface flux per
energy interval at a given radius and the factor fE(r, θ) accounts for
the angular dependence of the observed flux and is calculated from
the specific intensity emerging from a surface element. In general,
the specific intensity depends on the zenith angle. X-ray emission
from accreting BHs is produced by Comptonization in an optically
translucent flow with Thomson optical depth τ ∼ 1. In this case,
the local angular dependence of the radiation intensity in the frame
comoving with the considered element can approximately be de-
scribed by (Poutanen & Gierlin´ski 2003)
IE(µ) ∝ 1 + bµ, (4)
where µ is the cosine of the zenith angle and the parameter
b ≈ −0.7 (for exact solutions see Sunyaev & Titarchuk 1985;
Viironen & Poutanen 2004). We assume that the emergent spec-
trum from all surface elements is a power law with photon index
Γ = 1.7. To calculate the observed flux, we take into account
gravitational redshift, Doppler shift, time dilation and light bend-
ing in the Schwarzschild metric2 following techniques presented
in Poutanen & Gierlin´ski (2003) and Poutanen & Beloborodov
(2006). In the absence of the standard energy dissipation profile
relevant to the hot flow in general relativity, we take the standard
profile of a thin disc (Shakura & Sunyaev 1973)
qE(r) ∝
√
1−
3RS
r
r−3, (5)
which is suitable for illustration. Here RS = 2GM/c2 is the
Schwarzschild radius of the BH. We define the weighted angular
emissivity function as
fE(θ) =
∫
fE(r, θ) qE(r) r dr∫
qE(r) r dr
, (6)
where the integration is performed over the hot flow surface with
the radius varying between 3 and 100RS. The observed flux is
FE =
4pi
∫
qE(r) r dr
4pi D2
fE(θ). (7)
The angular dependence of the X-ray flux is shown in fig. 3 of
Veledina et al. (2013b), where further details on the precessing hot
flow model can be found.
2.2 Reprocessing model
In the reprocessing model, the emission is directly related to the
central source X-ray flux that shines upon the cold disc. Here we
follow formalism developed by Poutanen (2002) for X-ray reflec-
tion from a flared disc. We assume that the reprocessing into optical
wavelengths occurs in a ring extending from radius Rmin to Rmax,
large compared to the extent of the X-ray source which therefore
can be considered as an anisotropic point source. Depending on the
wavelength of interest, Rmax can be equal to or smaller than the
disc outer radius Rdisc. We assume the power-law dependence of
height on radius h = H(r/Rdisc)ρ. The parameters describing the
disc shape are the ratio H/Rdisc and the power-law index ρ. The
ring surface makes an angle ζ with the orbital plane that is a func-
tion of r:
2 This gives very similar results to using the more appropriate Kerr metric
for the r > 3RS case we consider here.
tan ζ = ρ
h
r
= ρ
H
Rdisc
(
r
Rdisc
)ρ−1
(8)
(see Fig. 1, right). The standard accretion disc has ρ = 9/8
(Shakura & Sunyaev 1973), while the irradiated disc may have
ρ = 9/7 (Frank et al. 2002), thus we only consider cases with
ρ > 1. In the frame related to the orbital plane, the observer’s
coordinates are
oˆ = (sin i cos Φ, sin i sin Φ, cos i), (9)
the radius-vector p pointing towards a surface element has coordi-
nates
p = (r cos φ, r sinφ, h), (10)
and the normal to the element is
nˆr = (− sin ζ cosφ,− sin ζ sinφ, cos ζ). (11)
The optical light curve from such a ring can generally be writ-
ten as
Lrepr(t) ∝
t∫
−∞
dt′
Rmax∫
Rmin
r dr cos ξ
4pip2 cos ζ
2π∫
0
dφLαX(t
′,p)δ(t−t′−∆t(φ))cos η. (12)
Here LX(t′,p) is the X-ray luminosity in the direction of the disc
element, i.e. at angle θe = arccos(nˆ · pˆ) relative to the hot flow
normal, emitted from the central source at time t′. The index α may
depend on the wavelength where reprocessing signal is measured.
For example, assuming that disc radiation is a blackbody of some
temperature T and remembering that T ∝ L1/4X , it is obvious that
in the Rayleigh–Jeans part of the spectrum α ≈ 1/4, while closer
to the peak of the reprocessed emission, in the UV range, α is close
to unity or may even exceed 1 in the Wien tail of the spectrum.
In reality, of course, for a given wavelength α varies, because of
the varying temperature of the irradiated disc. Here, we ignore this
effect and concentrate on the geometrical factors which are domi-
nant.
The δ-function accounts for the geometrical time-delays:
∆t(φ) =
1
c
(p− p · oˆ) (13)
=
1
c
[√
r2 + h2 − h cos i− r sin i cos(Φ− φ)
]
.
We neglect the reprocessing time, which is orders of magnitude
smaller than any other time-scales considered here. The area of the
surface element is r dr dφ/ cos ζ and the projection of this element
on the line connecting it to the X-ray source is proportional to
cos ξ = −nˆr · pˆ =
(ρ− 1)h/r√
1 + (h/r)2
cos ζ. (14)
Let us assume for simplicity that the angular distribution of
reprocessed radiation follows Lambert law, implying that the lumi-
nosity of the disc element per unit solid angle depends linearly on
its projection on the observer’s sky, which is proportional to
cos η = nˆr · oˆ = cos i cos ζ − sin i sin ζ cos(Φ− φ). (15)
Using the δ-function to take the integral over t′ and rewrit-
ing the light curve in terms of the QPO phases of the signal cor-
responding to the arrival and emission times ω = 2piνQPOt and
ω′ = 2piνQPOt
′
, we get:
Lrepr(ω) ∝
Rmax∫
Rmin
dr
2pir
(ρ− 1)h/r
(1 + (h/r)2)3/2
2π∫
0
dφ cos η f
α
X(cos θe), (16)
© 2015 RAS, MNRAS 448, 939–945
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where the X-ray flux fX in the direction of the elements depends
on the angle between the hot flow normal nˆ and vector p (see equa-
tions (1) and (10)):
cos θe = nˆ · pˆ =
1√
1 + (h/r)2
{[
1−(1 + cosω′) sin2 β
] h
r
+ cos φ sin β cosβ(1 + cosω′)+sinφ sin β sinω′
}
, (17)
where
ω′ = ω−
2piνQPO
c
[√
r2 + h2 − h cos i− r sin i cos(Φ− φ)
]
.(18)
For the disc surface element at radius r and azimuth φ to con-
tribute to the observed flux, three conditions have to be satisfied:
(i) the irradiation condition (the X-ray source is seen from the
ring surface element), i.e. cos θe > 0;
(ii) the visibility condition (the observer sees the ring surface),
i.e. cos η > 0 or, equivalently, cos(Φ− φ) < cot i cot ζ;
(iii) the reprocessed photons are not blocked by the disc on their
way to the observer, i.e.
tan i <
√
R2disc − r
2 sin2(Φ− φ)− r cos(Φ− φ)
H − h
. (19)
The model parameters can be divided into two groups: the disc
parameters ρ, H/Rdisc, Rmin/Rmax, Rmax/Rdisc, νQPORmax/c,
and α and the orientation parameters i, Φ and β. The parameters α
and β only affect the signal rms, rather than the profile shape. The
first three parameters also make rather minor changes to the QPO
signal as we discuss below. The fourth parameter is equal to unity
in the OIR wavelengths, where the reprocessed radiation is domi-
nated by the outer parts of the disc, and for the sake of simplicity
in the following we take Rmax = Rdisc. Thus the model in reality
has only three main parameters: νQPORmax/c, which controls the
smearing of the X-ray QPO signal in the disc, and the orientation
parameters i and Φ.
3 RESULTS
3.1 QPO profiles
In contrast to the model with QPOs from the hot flow
(Veledina et al. 2013b), here optical profiles depend on the QPO
frequency. If the QPO period is much shorter than the correspond-
ing light-travel time to the outer disc (νQPORmax/c ≫ 1), the
variability amplitude of the optical QPO should go to zero. For
very long QPO periods, νQPORmax/c ≪ 1, the delays due to
light-travel time can be neglected and the QPO profiles just re-
flect variations of the illumination of the disc by the X-ray source
and of the viewing angle of the disc surface. For the parameters
Rdisc ∼ 10
10
− 1012 cm (typical for low-mass X-ray binaries)
and the QPO range between 10−3 . νQPO . 10 Hz, the possi-
ble range of parameter νQPORmax/c is between ∼ 10−4 and 300.
It is therefore clear that the limiting cases discussed above can, in
principle, be realized.
The integrals in equation (16) should generally be computed
numerically; however, it is interesting to consider a case when they
can be taken analytically. This can also be used as a benchmark
for the precise numerical calculations. Let us first consider the
situation where the reprocessing occurs in a thin ring (Rmin ∼=
Rmax), which is located sufficiently close to the X-ray source
(νQPORmax/c ≪ 1), i.e. the response is immediate and we can
put ω = ω′. In addition, the ring is located high enough above
the orbital plane and the angle β is small enough so that the X-
ray source is always seen from the entire ring (this translates to the
condition cos θe > 0 at any phase). We assume that the emission
pattern of the central source follows the Lambert law, which leads
to the emissivity function fX ∝ cos θe (we also put α = 1). Un-
der these conditions, the integral in equation (16) is reduced to the
simple expression
Lrepr(ω) ∝ 1−sin
2β (1+cosω)−
ρ
2
tan i sin β [cosΦ + cos(Φ− ω)] .(20)
As an illustration, we plot the resulting profiles for the aforemen-
tioned conditions in Fig. 2. Interestingly, the reprocessed emission
is coming (almost) in anti-phase with the X-rays. For β ≪ 1 it
is easy to see from equation (20) that the minima and maxima are
achieved at ω = Φ and Φ + pi, respectively, and vice versa for the
X-rays (see equation (2)). Physically, the maximum in reprocessing
is achieved when the X-rays are illuminating the opposite from the
observer side of the disc which has the largest projected area. This
analytical solution, though, is unlikely to be realized in a realistic
situation, as the X-ray emissivity function deviates from the simple
cosine dependence.
We investigate the effect of changing parameters on the QPO
profiles by the direct calculations of reprocessing light curves for a
more realistic X-ray emissivity function (see Section 2.1). Optical
and X-ray QPO profiles are calculated by assuming a radial emis-
sivity qE(r) for each band. We fix β = 10◦ and an observer incli-
nation i = 60◦ and consider changing ρ, H/Rmax, Rmin/Rmax
and νQPORmax/c. We find that the parameter ρ does not alter the
profile shapes and only affects the amplitudes of oscillations (with
higher rms obtained for the cases when the observer sees relatively
larger disc area), while the decrease ofRmin/Rmax results in some-
what faster response and more smearing of the signal, i.e. lower
rms. The increase of parameter H/Rmax generally introduces a
larger phase shift of the optical light-curve, in addition, the larger is
this parameter, the lower is the optical variability rms. This results
from the decrease of the X-ray rms towards lower inclinations (or,
essentially, towards lower angles θe). The major effect on the QPO
profiles comes from changing parameter νQPORmax/c. We con-
sider three cases: νQPORmax/c = 10−2, 0.5 and 2. The resulting
profiles are shown in Fig. 3.
It is evident that the optical QPOs arising from reprocessing
have larger amplitudes than those seen in the X-rays by the distant
observer (with their ratio reaching a factor of 10 at low azimuth
Φ < 60◦). We have studied the QPO profiles at the i–Φ plane and
found that this is true for majority of the simulations (except for
the area with i & 70◦ and Φ & 120◦ , which, however, cannot be
described properly with the presented model, because the effects of
non-zero thickness of the hot flow become important). The main
reason for that is the strong increase of the rms in X-rays with in-
creasing viewing angle (i.e., inclination in the case of observer and
the corresponding angle pi/2−ξ for the disc). Small opening angles
(realistic values are between 6◦ and 22◦, see de Jong et al. 1996
and references therein) thus result in substantially higher variation
amplitudes of the X-rays seen by the disc relative to those seen by
the observer. In addition, the X-ray variability seen by the disc is
different from that seen by the observer for the same reason. This
means that it is not feasible to find any kind of QPO response func-
tion, which could give the optical QPO profiles from the observed
X-ray QPOs.
Another interesting observation is that at νQPO ≪ c/Rmax
the optical QPO profile strongly depends on Φ, being nearly sinu-
soidal at small Φ, with the growing harmonic content at larger Φ,
© 2015 RAS, MNRAS 448, 939–945
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Figure 2. The X-ray (black solid line) and computed optical (blue dashed line) QPO profiles for the case νQPORmax/c = 10−5, i = 40◦, β = 5◦ ,
H/Rmax = 0.2, ρ = 1.5, Rmin/Rmax = 0.99 and α = 1 and four different observer’s azimuthal angles Φ are considered (panels a–d). Here we assume
the X-ray emissivity function fX ∝ cos θe. The profiles are in excellent agreement with the analytical solution (20).
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Figure 3. Possible QPO profiles for the three cases of the parameter νQPORmax/c: 10−2 (blue dashed), 0.5 (red dotted) and 2 (green dot–dashed). The
system inclination is fixed i = 60◦ and four different observer’s azimuthal angles Φ are considered (panels a–d). X-ray profiles are calculated for the
full hot flow extending from 3 to 100RS (black solid lines) assuming BH spin inclination of β = 10◦ . Other parameters of the reprocessing model are
Rmin/Rmax = 0.5, H/Rmax = 0.2, ρ = 1.5 and α = 1.
where the amplitude of the fundamental drops significantly. The
reasons for that being the violation of the irradiation condition
(19) and the complex shape of X-ray emission pattern. At higher
νQPO ∼ c/Rmax, the profiles are more sinusoidal with a low har-
monic content.
We finally note that the overall optical rms can be reduced by
the presence of other, non-oscillating or oscillating out-of-phase,
components. For instance, additional constant flux may arise be-
cause of the viscous heating in the disc. Also, the X-ray source
likely has a non-zero thickness, thus the entire disc has an addi-
tional constant irradiated component. And finally, reflection of the
X-rays from the optically thin corona or wind would produce a
nearly constant illumination over the disc surface leading to the
reduction of the QPO amplitude.
x
3.2 QPO amplitude dependence on Fourier frequency
Often the optical QPO profile cannot be measured and the only
available information is its rms. The ratio of the light-crossing time
to the outer disc to the QPO period, νQPORmax/c, is the major
factor affecting the rms, see Fig. 4. The constant level at low fre-
quencies reflects the fact that the light-travel time to the outer disc
is much below the QPO period, so that the response can be consid-
ered as immediate. The QPO profile is then completely determined
by the varying illumination of the outer disc due to precession of
the anisotropic and non-axisymmetric X-ray source. We see that
the constant level is very different for different observer’s azimuth
Φ, being close to 20 per cent at Φ ∼ 0◦ and dropping to nearly zero
at Φ ∼ 180◦ (we note that the harmonic here is stronger).
At high νQPO, the rms drops dramatically due to smearing.
Rather unexpectedly we find that the rms has a strong peak at
νQPORmax/c ∼ 1/2. The peak does not appear only for incli-
nation i = 0. For Φ . 60◦, the rms reaches 17–25 per cent, de-
pending on the inclination. At larger Φ & 120◦, the rms is about 15
per cent which is substantially larger than that at low νQPO. This
© 2015 RAS, MNRAS 448, 939–945
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Figure 4. The dependence of the rms at the fundamental frequency on νQPORmax/c for different observer’s azimuth Φ = 0, 60, 120 and 180◦(panels a-d,
respectively) and three different inclinations, i = 0, 40◦ and 60◦shown by solid black, dotted red and dashed blue curves.
resonance-like feature results from the fact that the reprocessing
signals from both the closest and the furthest (to the observer) parts
of the disc are coming in phase.
We conclude here that the optical QPOs arising from re-
processing of the X-ray radiation from an anisotropic precess-
ing source can be identified in the data using its frequency de-
pendence. The rms is predicted to be constant at low frequen-
cies, to have a peak at νQPORmax/c ∼ 1/2 and disappear at
νQPO,maxRmax/c ∼ 1. The critical QPO frequency depends on
the disc size, which is itself a function of binary separation,Rdisc ≈
0.6a (for small mass ratios; see Warner 1995). Using the third Ke-
pler law (and taking Rdisc = Rmax), we can relate it to the orbital
period (in hours):
νQPO,max ≈
2
3
P
−2/3
h (M/10M⊙)
−1/3 Hz. (21)
3.3 QPO amplitude dependence on the wavelength
An alternative way to identify the reprocessing QPO in the data
is from its wavelength dependence. Different wavelengths corre-
spond to different parts of the irradiated disc (blackbody) spectrum,
resulting in variation of parameter α (introduced in equation 12).
Combining relations T ∝ L1/4X and Bν(T ) ∝ L
α(ν)
X , we get
α(ν) =
1
4
∂ lnBν(T )
∂ lnT
=
hν
4kT
(
1− e−hν/kT
)
−1
. (22)
In this paper, we considered cases with the linear response, α = 1,
which takes place close to the wavelengths of the blackbody peak.
For the irradiated disc temperature of about 10 000 K, this corre-
sponds to the U -filter. The rms is higher at shorter wavelengths,
where α exceeds 1 and it is smaller at longer wavelengths, where it
tends to the Rayleigh–Jeans value α = 1/4. Thus at long wave-
lengths the optical (or rather IR) QPO should have four times
smaller rms than those computed here. On the other hand, in the
Wien part of the spectrum α can exceed unity and the QPO ampli-
tude grows.
In addition to the wavelength dependence of the reprocessing
QPO itself, it is likely that additional spectral components influ-
ence that. The irradiated disc spectrum may be contaminated by
the emission from the hot flow, jet, or circumstellar dust, which
likely reduce the overall rms, with a somewhat larger suppression
at longer wavelengths because their spectra are significantly red-
der than the spectrum of the disc. This fact further strengthens the
dependence of rms on the wavelength, which should grow towards
shorter wavelengths.
3.4 Comparison with the data
The low-frequency QPO range observed in the X-rays is∼ 10−2−
10 Hz (Belloni & Stella 2014). For relatively small discs present in
systems with periods of a few hours, the temperature at the outer
edge of the disc is substantially higher, roughly Tout ∝ F 1/4X ∝
R
−1/2
disc ∝ P
−1/3
orb , where Porb is the orbital period (we assumed
that the X-ray luminosity is the same). Thus, irradiation gives sig-
nificant contribution to the UV flux, but not to the IR, where the
disc is likely very dim compared to other components. The discs in
the long-period systems are large enough and cool enough to give
significant contribution to the IR, but the QPOs in such systems are
expected to be seen only at low frequencies. At the same time, the
UV reprocessed emission in these systems is produced closer to the
BH and hence the QPOs may be observed at relatively higher fre-
quencies. To calculate the profiles in this case, we would need to
take into account the fact that Rmax and the outer disc radius Rdisc
are not equal.
In GX 339–4, the optical QPO frequency was seen to vary be-
tween 0.05 and 0.13 Hz (Motch et al. 1983; Imamura et al. 1990;
Steiman-Cameron et al. 1997; Gandhi et al. 2010). The QPO fea-
tures were observed in three filters simultaneously (Gandhi et al.
2010). They have systematically larger rms in the redder filters for
all three nights of observations (see their table 4), though only
the difference in rms observed during the third night are statis-
tically significant. The system period is rather long, about 42 h
(Casares & Jonker 2014), so that the maximum reprocessing QPO
(see equation (21)) is expected to be at νQPO,max ≈ 0.055 Hz,
where we assumed M = 10M⊙. Thus the observed QPOs are
likely produced either by the hot flow or in the jet.
SWIFT J1753.5–0127 is one of the shortest-period systems
with Porb ≈ 3 h (Zurita et al. 2008; Neustroev et al. 2014). The
optical QPOs in this object were detected during the simultaneous
X-ray exposure at frequencies ∼0.08 Hz (Durant et al. 2009). The
computed optical/X-ray CCFs do not resemble those of the irradi-
ated disc, on the contrary, a prominent optical precognition dip is
© 2015 RAS, MNRAS 448, 939–945
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observed. The dip may be a signature of the hot flow synchrotron
emission (Veledina et al. 2011), and its amplitude relative to the
positive peak (attributed to irradiation) implies that the hot flow is
a dominant source of optical photons, and hence the QPOs.
Both optical and UV QPOs were detected in XTE J1118+480
at frequencies ∼0.07–0.13 Hz (Hynes et al. 2003). The UV rms
seems to be increasing with QPO frequency (see table 4 of
Hynes et al. 2003), but because the errors on the deduced rms are
not listed, it is not clear whether this effect is real. The system is
otherwise a good candidate to expect the QPOs from irradiation, as
it has a rather short period of about 4 h (Casares & Jonker 2014).
Though the system demonstrates the precognition dip structure in
the CCFs (Kanbach et al. 2001), the dip amplitude is significantly
smaller than that of the peak in the optical/X-ray CCF and the dip
in the UV/X-ray CCF is even less prominent (Hynes et al. 2003).
4 SUMMARY
We developed a model for the optical QPOs arising from the irra-
diation of the accretion disc by varying X-ray flux. Assuming that
the inner part of the accretion disc is occupied by a precessing hot
accretion flow (radiating in the X-rays) with the prescribed emis-
sion pattern, we calculate the optical profiles. The oscillations at
the precession period appear due to the changing of the illumina-
tion conditions. We note that the distant observer sees the X-ray
source at an angle different from that seen from the outer disc. This
means that simple use of the disc transfer function relating the ob-
served X-ray and optical light curves is insufficient to reproduce
optical profiles – the additional knowledge of the X-ray emission
pattern is required.
We find that the QPO rms is nearly constant for sufficiently
low frequencies, νQPORmax/c . 0.1, it then increases to achieve
the maximum at νQPORmax/c ∼ 1/2 and drops dramatically at
higher frequencies. This is an identifying feature of the proposed
mechanism, by which it can be distinguished from the optical QPOs
arising from the hot flow. Another way to recognize it is the de-
pendence of the rms on the wavelength, where the increase of the
variability amplitude towards shorter wavelengths is expected.
The described QPO mechanism inevitably should play a role
in all systems with the sufficiently small ratio of the outer disc size
to the QPO period. However, the observed oscillation amplitudes
are expected to be lower than predicted here because of the sub-
stantial non-variable background. As other components, which do
potentially contribute to the optical emission (e.g. the hot flow and
the jet), can also generate QPOs, finding the signatures of repro-
cessed emission in the oscillating signal becomes a challenging
task. The most promising low-mass X-ray binary systems, which
are expected to have optical QPO due to reprocessing, are those
showing a prominent positive peak in the optical/X-ray CCF, cor-
responding to the irradiation delays of the aperiodic X-ray variabil-
ity. It is also preferable to search for these types of QPOs in the
UV, where the disc radiation dominates and the QPO rms reaches
the maximum, while other components are relatively dim.
ACKNOWLEDGEMENTS
We thank Andrzej Zdziarski and Chris Done for useful suggestions.
The work was supported by the Finnish Doctoral Programme in
Astronomy and Space Physics (AV) and by the Academy of Finland
grant 268740 (JP).
REFERENCES
Belloni T. M., Stella L., 2014, Space Sci. Rev., 183, 43
Casares J., Jonker P. G., 2014, Space Sci. Rev., 183, 223
Casella P., Belloni T., Stella L., 2005, ApJ, 629, 403
Cunningham C., 1976, ApJ, 208, 534
Curran P. A., Chaty S., Zurita Heras J. A., 2012, A&A, 547, A41
de Jong J. A., van Paradijs J., Augusteijn T., 1996, A&A, 314, 484
Durant M., Gandhi P., Shahbaz T., Fabian A. P., Miller J., Dhillon V. S.,
Marsh T. R., 2008, ApJ, 682, L45
Durant M., Gandhi P., Shahbaz T., Peralta H. H., Dhillon V. S., 2009,
MNRAS, 392, 309
Fragile P. C., Blaes O. M., Anninos P., Salmonson J. D., 2007, ApJ, 668,
417
Frank J., King A., Raine D. J., 2002, Accretion Power in Astrophysics.
Cambridge University Press, Cambridge
Gandhi P. et al., 2010, MNRAS, 407, 2166
Gierlin´ski M., Done C., Page K., 2009, MNRAS, 392, 1106
Grindlay J. E., McClintock J. E., Canizares C. R., Cominsky L., Li F. K.,
Lewin W. H. G., van Paradijs J., 1978, Nature, 274, 567
Hynes R. I. et al., 2003, MNRAS, 345, 292
Hynes R. I., Horne K., O’Brien K., Haswell C. A., Robinson E. L., King
A. R., Charles P. A., Pearson K. J., 2006a, ApJ, 648, 1156
Hynes R. I., O’Brien K., Horne K., Chen W., Haswell C. A., 1998, MN-
RAS, 299, L37
Hynes R. I., O’Brien K., Mullally F., Ashcraft T., 2009, MNRAS, 399,
281
Hynes R. I. et al., 2006b, ApJ, 651, 401
Imamura J. N., Kristian J., Middleditch J., Steiman-Cameron T. Y., 1990,
ApJ, 365, 312
Ingram A., Done C., 2011, MNRAS, 415, 2323
Ingram A., Done C., Fragile P. C., 2009, MNRAS, 397, L101
Kanbach G., Straubmeier C., Spruit H. C., Belloni T., 2001, Nature, 414,
180
McClintock J. E., Canizares C. R., Cominsky L., Li F. K., Lewin W. H. G.,
van Paradijs J., Grindlay J. E., 1979, Nature, 279, 47
Malzac J., Merloni A., Fabian A. C., 2004, MNRAS, 351, 253
Motch C., Ricketts M. J., Page C. G., Ilovaisky S. A., Chevalier C., 1983,
A&A, 119, 171
Neustroev V. V., Veledina A., Poutanen J., Zharikov S. V., Tsygankov
S. S., Sjoberg G., Kajava J. J. E., 2014, MNRAS, 445, 2424
O’Brien K., Horne K., Hynes R. I., Chen W., Haswell C. A., Still M. D.,
2002, MNRAS, 334, 426
Poutanen J., 2002, MNRAS, 332, 257
Poutanen J., Beloborodov A. M., 2006, MNRAS, 373, 836
Poutanen J., Gierlin´ski M., 2003, MNRAS, 343, 1301
Poutanen J., Veledina A., 2014, Space Sci. Rev., 183, 61
Poutanen J., Veledina A., Revnivtsev M. G., 2014, MNRAS, 445, 3987
Shakura N. I., Sunyaev R. A., 1973, A&A, 24, 337
Steiman-Cameron T. Y., Scargle J. D., Imamura J. N., Middleditch J.,
1997, ApJ, 487, 396
Sunyaev R. A., Titarchuk L. G., 1985, A&A, 143, 374
van Paradijs J., McClintock J. E., 1994, A&A, 290, 133
Veledina A., Poutanen J., Vurm I., 2011, ApJ, 737, L17
Veledina A., Poutanen J., Vurm I., 2013a, MNRAS, 430, 3196
Veledina A., Poutanen J., Ingram A., 2013b, ApJ, 778, 165
Viironen K., Poutanen J., 2004, A&A, 426, 985
Warner B., 1995, Cambridge Astrophysics Series, Vol. 28: Cataclysmic
variable stars. Cambridge University Press, Cambridge
Zurita C., Durant M., Torres M. A. P., Shahbaz T., Casares J., Steeghs D.,
2008, ApJ, 681, 1458
Zurita Heras J. A., Chaty S., Cadolle Bel M., Prat L., 2011, MNRAS, 413,
235
© 2015 RAS, MNRAS 448, 939–945
